Introduction
Imagine a world in which your doctor could slip a fineneedle sensor into your arm and use it to monitor continuously the concentration of almost any molecule in real-time as it circulates through your peripheral blood vessels. Such technology would revolutionize many areas of diagnostics and could enable the development of a broad suite of new therapies. In the diagnostic arena, for example, the continuous, quantitative measurement of serum creatinine and other molecular markers could be used to monitor kidney function [1] , and the ability to monitor both glucose and insulin would, by preventing hyperinsulinemia, improve diabetes management and advance the development of an artificial pancreas [2] . More broadly, continuous in vivo monitoring could fuel future advances in personalized medicine; although this is often described as the technology to deliver the right drug to the right patient, to achieve the most effective therapeutic outcome, it is just as important to deliver the right dose. Even within a single patient, however, the optimal dose of a given drug varies over the course of hours or days in concert with changes in metabolism or health status. By closing the loop between administration of a drug and its in vivo concentration, the ability to continuously monitor serum drug levels would overcome such time-dependence, and enable precise, feedback-controlled drug delivery. This, in turn, would open the door to an entirely new wave of ''quantitative therapeutics'' in which drugs with complex dosing regimens or hitherto uncomfortably narrow therapeutic indices could be easily and effectively administered. Unfortunately, although the potential applications of continuous, real-time molecular detection have been recognized for several decades [3, 4] , the capability to perform such detection remains limited. Here, we examine the state-of-the-art and describe what we view as a promising potential route toward this important goal.
The majority of existing technologies for molecular analysis, including chromatography, mass spectrometry and immunochemical techniques, are multi-step ''batch'' processes that cannot support continuous, real-time detection. Conversely, with few exceptions [5] [6] [7] , the various real-time methods by which specific molecules can be monitored, such as spectroscopy, fail when implemented in vivo owing to the high molecular complexity and challenging physical properties (e.g. the scattering and absorbance of light) of cells, blood and tissues. Indeed, to achieve continuous, real-time detection in vivo, a number of key challenges must be surmounted: (i) the technology must be sufficiently selective to reject false signals that arise from interferants present in the complex environments found in vivo; (ii) it should operate without requiring any exogenous reagents beyond those provided in situ by the organism; (iii) it must operate continuously and cannot rely on batch process steps, such as separations, washing or incubation; and (iv) it must be reversible, such that the response of the sensor rises and falls in concert with changing target concentrations. Unfortunately, although conventional technologies (e.g. chromatography, spectroscopy, and immunochemical approaches) achieve one or more of these goals, currently, there is no general approach to molecular detection that is reagent-free, continuous and sufficiently selective to work directly within living organisms.
Biosensors
Although there is no universal platform that supports real-time, continuous monitoring, a limited number of successes for a few specific molecular targets illustrate potential routes to a more versatile solution. For example, the most commonly employed real-time molecular detection deployed in hospitals today is the pulse oximeter, which monitors blood oxygenation optically through the skin by employing the patient's own hemoglobin as an indicator of oxygen concentration. Perhaps a more compelling example is the glucose-oxidase-based sensor, which now achieves the continuous, real-time measurement of interstitial glucose concentrations with sub-minute time resolution (reviewed in [8] ). The common denominator in these examples is the use of biomolecular recognition elements as the basis for the sensing technology -an approach that harnesses the exquisite specificity of such receptor-ligand interactions to detect their target molecules.
Despite the broad range of potential specificities afforded by biomolecular recognition, the above-described examples of in vivo biosensors do not easily translate to the detection of other classes of molecular targets. The oxygen sensor, for example, monitors oxygenation of the patient's own hemoglobin by measuring the absorbance of visible light by red blood cells. Thus, this technology is generally not transferrable to the detection of other molecular analytes. Likewise, the glucose sensor relies on the specific catalytic activity of glucose oxidase; an approach that has been extended to the detection of a limited number of other analytes because the relevant oxidase enzymes are only available for a few specific molecular targets. To date, only lactate [9] , glutamate (reviewed in [10] ) and cholesterol [11] have seen similar in vivo sensors described in the literature. Indeed, although biomolecular recognition itself is enormously versatile, there is not yet any general method of adapting such recognition into sensors that support real-time, in vivo detection.
The fundamental difficulty in the development of biosensors is linkage of biomolecular binding to a specific, measurable output. For example, an antibody does not emit light or electrons upon binding to its target antigen. A common solution to this problem has been to attach the receptor to a surface and then measure a physical property, such as refractive index [e.g. surface plasmon resonance (SPR)], mass (e.g. quartz crystal microbalance), steric bulk (e.g. static microcantilever, impedance spectroscopy) or charge (e.g. field effect transistors), which changes when the receptor is occupied. A notable disadvantage of these approaches is that, because they monitor the molecular recognition event by measurement of differences in basic physical properties, they cannot distinguish between specific binding of target analytes and the non-specific adsorption of contaminants. For example, although SPR has proven useful for the measurement of molecular interactions of purified samples (often achieving detection limits up to an order of magnitude or more below the dissociation constant of the relevant ligand-receptor interaction [12] ), the approach largely fails when challenged with complex samples that contain excess background molecules, such as blood serum, which contains more than 3000 different proteins at a total concentration of 70 mg/ml [13] . Thus, the core challenge in application of biosensors to in vivo monitoring remains: how can we link specific molecular recognition events to measurable output signals in the presence of complex backgrounds, without invoking reagents or batch processing?
Sensors based on biomolecular switches Nature has solved the problem of signal transduction against complex backgrounds by coupling molecular recognition to a second, equally important feature: binding-induced switching. That is, the biomolecules that perform chemoperception in vivo invariably couple molecular recognition to a binding-induced change in conformation or oligomerization state. These switching events, in turn, trigger specific output signals, such as the opening of an ion channel or the activation of an enzyme. Inspired by the speed, specificity and versatility of these naturally occurring sensors, recent years have witnessed significant efforts to create artificial biosensors based on these principles ( Figure 1 ). We believe that these efforts represent a promising route towards versatile, real-time molecular monitoring in vivo.
Although the field is little more than a decade old, examples of switch-based biosensors are compelling and growing. These biosensors broadly fall into two classes [14] . The first employs naturally occurring biomolecular switches to detect either their natural ligands or new molecular targets created via the rational or selectiondriven re-design of their binding sites (reviewed in [14, 15] ). Specific examples include a large number of sensors that employ binding-induced conformational change in the two-domain periplasmic-binding-protein superfamily (reviewed in [15] ; see also [16] for a discussion of the precise sensing mechanism), including sensors for the detection of a 
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The second class focuses on recognition elements that do not undergo binding-induced conformational changes, which are much more common. These non-responsive receptors are then re-engineered to undergo a large-scale conformational change upon binding their target molecules; examples include devices based on the binding-induced folding of polypeptides (reviewed in [17] ), proteins [18, 19] and aptamers (reviewed in [20] ). Aptamers, in particular, can be readily re-engineered to undergo large-scale conformation change upon target binding, either by destabilization, which couples binding to a change in the folding equilibrium constant, or by introduction of a short auxiliary sequence complementary to the aptamer, which forces it to undergo a double-stranded-to-aptamer fold transition upon target binding. Irrespective of which approach is taken in their design, all binding-induced switches couple target recognition with a large-scale conformational change that is well-suited for sensing applications [21] .
An equally important aspect of creating sensors out of such structure-switching molecules is that their conformational state must be linked to a readily detectable output. To date, structure-switching sensors have been described that respond via fluorescence emission (for optical detection), electron transfer (for electrochemical detection) or biochemical activity (typically linked to catalytically amplified detection) (reviewed in [14] ). Although still challenging because photons and electrons can be conducted outside of the body more readily than the products of bindingactivated catalytic domains, we focus here on optical and electrochemical output mechanisms. Perhaps the most widely used approach for linking structure switching to a specific output has been to employ the conformation-linked modulation of fluorescence (Figure 1a,b) . This is achieved via distance-dependent changes in Förster resonance energy transfer (FRET) (Figure 1a ). Another method is the more strongly distance-dependent photoelectron transfer (Figure 1b) between two optical reporter groups [17] or via conformation-linked changes in the chemical environment around a single, structure-sensitive fluorophore [22] .
Switch-based electrochemical sensors are similarly engineered by attaching an electroactive reporter (e.g. ferrocene or methylene blue) to one position of the biomolecule that is in turn attached to the surface of an interrogating electrode via a second, distal position (Figure 1c ) (reviewed in [23] ). Binding-induced conformational changes thus alter the ability of the redox reporter to strike the surface, changing the current it produces when interrogated via, for example, AC voltammetry. To date, several research groups have described such structure-switching electrochemical sensors that employ a range of nucleic acid- [24] , polypeptide- [25] and protein- [26] based biomolecular switches. Nucleic acid switches (reviewed in [23] ) have proven particularly amenable to this approach: electrochemical aptamer-based (E-AB) sensors, for example, have been described to date directed against a number of specific proteins, inorganic ions and small molecules (reviewed in [20, 23] ).
The use of switch-based sensors in vivo Structure-switching sensors appear to be particularly suitable for application in chemically complex environments.
For example, binding-induced switching has been used to design genetically encoded maltose [27] and calcium ion [28] sensors composed of three components: a target-responsive switching domain, which undergoes a large-scale conformational change upon target binding, and two fluorescent protein FRET reporters (Figure 2a) . Other pioneering examples include the use of FRET-reporting DNA switches, termed molecular beacons [40] , to monitor intracellular mRNA levels (Figure 2b ) [29] , and the demonstration a FRET-reporting, proton-responsive DNA switch that supports intracellular measurements of pH [30] .
A key advantage that improves the utility of these approaches in vivo is that FRET is a ratiometric measurement (Figure 2a) . That is, the concentration of the target molecule is determined by the ratio of the fluorescence emitted by the FRET donor fluorophore to that emitted by the FRET acceptor fluorophore, thus largely obviating the need for precise knowledge of the concentration of the reporting biomolecule (however, see [31] for various technical considerations). This approach is therefore quantitative, Figure 1a ) supports rapid, intracellular measurements of the sugar. The optical reporter groups are two fluorescent protein variants that are fused to the switching domain and that serve as a resonance energy transfer pair. All of the components of this system are contained within a single polypeptide chain; therefore, this sensor can be expressed in situ. Reproduced with permission from [27] . (b) Molecular beacons (schematic shown in Figure 1b) , which support rapid fluorescence detection of specific oligonucleotide sequences, have been employed to localize and quantify endogenous mRNA levels within living cells, including the detection of mRNA that encodes the protein survivin in live human dermal fibroblast cells. In this example, the molecular beacon is delivered into the cell by coupling it with the TAT polypeptide, a signaling sequence that leads to rapid and efficient internalization. Reproduced with permission from [29] .
despite cell-to-cell variability in switch delivery, degradation or expression. Nevertheless, optical read-out mechanisms suffer from significant drawbacks for applications in multicellular organisms: the strong optical background that arises from the scattering and absorbance of blood and tissues significantly limits the utility of optical approaches for real-time monitoring within, for example, a human patient.
Electroactive contaminants are rare in vivo; therefore, electrochemical methods for monitoring biomolecular switching often perform better than their optical counterparts when challenged in complex environments [32] . Indeed, other than the biosensors described above, the only real-time, in vivo molecular sensing technologies in use in living animals are electrochemical in nature, and involve ion-specific electrodes or relatively abundant, redox-active targets (e.g. the detection of dopamine [33] and nitric oxide [34] in the brain). It has been shown that E-AB sensors perform well, even when challenged directly in whole blood [35] . Moreover, despite employing a potentially labile DNA probe as the recognition element, these sensors are quite stable under such conditions; when stored directly in roomtemperature blood serum for periods of more than a week, only minor signal degradation has been noted [36] . Finally, electrochemical sensors can be made quite small (i.e. this class of sensors requires only micron-scale electrodes), which renders them suitable for intravenous and interstitial applications.
Microfluidic EA-B sensor Consistent with the attributes described above, EA-B sensors have been used for the continuous, real-time monitoring of molecular analytes in unmodified, undiluted biological samples, at least in vitro (Figure 3) . Specifically, a microfluidic EA-B sensor (MECAS) has been described in which a target-specific DNA aptamer folds in response to the target analyte (cocaine) (Figure 1c) , thereby generating an electrochemical signal [37] . The MECAS chip (Figure 3a) , which incorporates gold working electrodes, a reference electrode and a platinum counter-electrode within a sub-microliter detection chamber, responds sensitively and selectively to its target analyte at physiological concentrations (Figure 3b ): when challenged with cocaine at micromolar concentrations in serum, the current increases significantly. The chip operates continuously and is also rapid, exhibiting an equilibration time constant of just 90 s. The MECAS chip exhibits baseline stability in continuously flowing blood serum, and the signaling current of the device rapidly returns to baseline values when the flow of cocaine-doped serum is replaced with cocainefree serum (Figure 3b ), and these baselines remain constant even after 1 h exposure to nucleases in the flowing Figure 3 . An E-AB sensor for the detection of cocaine (schematic shown in Figure 1c ) supports real-time monitoring of cocaine directly in undiluted blood serum as it flows through a sub-microliter microfluidic chamber. (a) The MECAS chip incorporates three electrodes: 'R' is the reference electrode, which provides a standard by which voltages can be accurately measured; 'W' is the working electrode, which interrogates the attached aptamer and is the heart of the biosensor; 'C' is the counter electrode, which completes the circuit. (b) The system continuously monitors the presence of cocaine. When challenged with cocaine in serum (10, 50 and 100 mM), the current (I p ) increases before dropping back to baseline after washing with cocaine-free serum. Figure adapted with permission from [37] .
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Trends in Biotechnology January 2011, Vol. 29, No. 1 serum that might be expected to degrade the sensing aptamer. The unexpectedly high stability of the sensing aptamer might be a result of its surface immobilization and its terminal modification with a redox reporter [38] .
Perspectives
Of course, detection in flowing blood serum in vitro is not the same as detection in whole blood in vivo. Indeed, to date, there have been no reports of continuous, in vivo detection with any electrochemical, switch-based sensor. Some of the hurdles that stand in the way of achieving this goal are well-known [4, 32] and briefly include biocompatibility, stability and calibration issues. Biofouling can inhibit transport of the target analyte, even if it does not alter the responsiveness of the sensor [32, 39] . Likewise, the calibration of in vivo devices against baseline drift represents a serious challenge [32] ; although, in theory, ratiometric measurements analogous to those made with in vivo FRET-based sensors [31] could be performed using control sensors that do not respond to the target analyte, but this approach has not been explored for electrochemical sensors to the best of our knowledge. Thus, quite simply, we are not there yet: there is no universal approach by which an arbitrary molecular analyte can be monitored continuously and in real-time in the body. Nevertheless, we believe that the reagentless, regenerable nature of switch-based biosensors and the selectivity of electrochemical detection offer a promising route towards this goal. Time and further experimentation will tell.
